Latent heat storage allows efficient energy storage in systems with isothermal processes. The low thermal conductivity of cost-effective storage materials is the main challenge in the development of latent heat storage systems. Most of these systems developed so far use extended heat transfer surfaces to ensure sufficient heat transfer rates. The PCMflux concept described in this paper is based on the transport of the storage material across the heat transfer surface. The aim of this approach is to avoid the blockage of the heat transfer surfaces by solidified storage material. The paper gives an overview of the current development of the PCMflux concept including the theoretical analysis and the experimental proof-of-concept.
Nomenclature
Cross-sectional area of the PCM container ( 2 )
Area of the fluid layer on the heat exchanger ( 2 )
Inner area of heat exchanger pipe ( 2 )
Cross-sectional area of the PCM ( 2 )
Specific heat capacity of the container material ( / )
Specific heat capacity of the PCM ( / )
Diameter of the heat exchanger pipe ( )
Height of the PCM ( )

Dimensionless number to describe the PCMflux system (−)
Heat of fusion of the PCM ( / ) Length of the heat exchanger fin ( ) Solid phase (, ) Melting temperature of the PCM (Fluid) (°)
Forward velocity of the PCM ( / )
Nominal PCM forward velocity of a specific module configuration ( / )
Width of the container wall ( )
Width of the fluid layer ( )
Greek symbols
Density of the container Material 
Introduction
The main advantage of latent heat storage systems is the ability to store heat in a narrow temperature range. This allows the effective storage in applications that include isothermal processes, such as steam processes in industry or in power plants [1] . The option to integrate storage capacity is a key feature of solar thermal power plants. If steam is used as heat transfer medium in the solar absorbers, latent heat storage systems enable a high second law efficiency. In the temperature range from 150 °C to 350 °C, nitrate salts are often used as phase change material (PCM) [1] - [5] . While these materials are cost attractive, they have a low thermal heat conductivity [6] - [8] which causes performance problems while operating the storage system. While discharging, the PCM first crystallizes in regions close to the heat exchanger and sticks on it. With the ongoing discharging process, this layer of frozen PCM around the heat exchanger grows, as shown in Fig. 1 . Within this solid layer, no convection effects can improve heat transfer and heat conduction represents the dominating heat transportation mechanism. Here, the poor thermal heat conductivity becomes important. With a growing solid PCM layer around the heat exchanger, the thermal resistance between the liquid PCM and the heat transfer fluid (HTF) inside the heat exchanger increases steadily. This results in a declining heat flux during the discharge process [3] , [9] .
Various concepts have been suggested to overcome the limitation resulting from the low thermal heat conductivity of the PCM by enlarging the heat transfer area by the deployment of fins [5] , [10] - [16] .
Among others, some concepts address the challenge with increasing the effective thermal heat conductivity of the PCM either by integrating the PCM into highly conductive matrices [3] , [17] - [22] or improving heat transfer by the deployment of heat pipes [23] - [26] . Most of these concepts can be considered as passive PCM storage systems using heat exchangers embedded into the storage material.
With the enlargement of the capacity of such storage systems, the heat transfer structure (HTS) inside the PCM must also be enlarged in order to secure a sufficient heat transfer. Therefore, no considerable cost savings can be expected for large scale latent heat storage systems of such a type. 
HTS
In active PCM storage systems the storage material is separated mechanically from the heat transfer section. During charging and discharging the storage material is transported across thus section and is thereby independent of the capacity of the storage system. Essential for active PCM storage systems is the close thermal contact in the heat transfer area. This area must not be covered by solidified PCM.
One active latent heat storage system is the Screw Heat Exchanger (SHE) concept developed by Zipf et al. [27] . Here, the PCM is transported steadily by a rotating double screw system from one end to the other.
While passing the screw heat exchangers, the PCM changes phase. The screw flights of the heat exchangers scratch off the crystallized PCM from each other and the establishment of a growing layer of solid PCM is avoided.
The novel active latent heat storage concept described and experimentally demonstrated in this article is called PCMflux. It aims for a constant and controllable discharging heat flux at a high level with a potentially low deployment of auxiliary materials. It represents a new active latent heat storage concept and its application is thereby not limited to solar thermal power plants. Without significant changes in its design, it also comes into consideration for raising the energy efficiency of e.g. industrial processes in a wide range of temperatures with a linked HTF system that undergoes a change of aggregate state. To overcome the heat flux drop while discharging within the PCMflux concept, the storage material (capacity) is mechanically separated from the heat exchanger (power) [9] , [28] . Starting from the stateof-the-art in latent heat storage, the stages in the development of the PCMflux concept are schematically visualized in Fig. 2 . Fig. 2 (a) shows a cross-sectional cut of a heat exchanger pipe with attached HTS to increase the discharging heat flux representing the state-of-the-art, see also Fig. 1 .
The PCMflux concept
Here, the HTS covers the whole cross-sectional area in order to enable a sufficient heat flux at the end of a discharging cycle as well. Within the basic concept of the PCMflux system, no HTS is necessary.
Implementing the separation of power and capacity, the PCM is unrolled off the heat exchanger pipe.
This development process is visualized within Fig. 2 (b)+(c). After this separation of the PCM from the heat exchanger, the PCM is filled into a container that is located above the heat exchanger. This configuration is the basis of the PCMflux concept, see Fig. 2 (d) . As a consequence, the storage material now can be moved both in liquid and solid state towards the locally-fixed heat exchanger.
To charge the storage system, the container is moved in one direction and to discharge in the other one.
To ensure good thermal contact between the PCM container and the heat exchanger, a fluid layer is introduced between these components to avoid dry contact. A nitrate salt mixture with a low melting temperature is chosen as a fluid layer. The influence of this fluid layer on the thermal contact was experimentally investigated in a separate study [29] . Compared to dry contact, an improvement of a factor of 9.9 can be realized [29] .
The heat exchanger consists of a heat exchanger pipe with attached fins, see Fig. 2 and Fig. 3 . These fins are thereby not integrated into the PCM and remain independent of the capacity of the storage system.
Hence, this heat exchanger needs to be designed according to the necessary thermal power of the system only. This promises cost advantages for large scale systems compared to the state-of-the-art.
All heat transfer between the HTF inside the heat exchanger pipe and the storage material occurs on top of the heat exchanger, see the 'area of heat transfer' in Fig. 3 . No heat is transferred between the PCM and the HTF before entering the heat exchanger or after leaving it.
If the forward velocity of the storage material is chosen within a certain range, a quasi-stationary state inside the PCM can be established. In this case, the amount of freezing PCM corresponds to the amount of PCM that is transported into the system and a locally-fixed phase change interface is established even though the container is in motion.
After reaching this state, a constant heat flux is realized over the whole discharging period. This constant heat flux can be controlled by adjusting the forward velocity.
Theoretical Analysis
The following section outlines the theoretical analysis of the PCMflux concept. In a first step, numerical results showing the constant and controllable heat flux during the discharge of the storage unit are given. These are then used to examine the correlation between forward velocity and resulting heat flux.
Constant and controllable heat flux
A developed 2D transient simulation model is used to investigate the correlation between forward velocity of the PCM container and the resulting heat flux ̇ related to the inner heat exchanger pipe surface. Details about this tool can be found in [4] . Fig. 4 shows an example of a PCMflux module configuration with its corresponding parameters. At the beginning of the numerical investigation, a reference PCMflux module configuration is defined. This reference configuration is not an optimized version of a PCMflux module, but it offers the possibility to examine the influence of each parameter. The corresponding data of the reference system regarding material properties, geometry and process parameters are given in Tab. 1. The characteristic heat flux drop for passive latent heat storage systems can be observed when the PCM is motionless (stationary). In contrast, moving the PCM with the velocity 1 leads to a nearly constant plateau with its corresponding quasi-stationary state as shown in Fig. 5 . At the beginning of the discharging process, a significant drop of heat flux even for the active system can be seen. This is due to the comparably fast sensible cooling of the materials from the previous charging process. This cooling process results in high heat fluxes at the beginning of the discharging process. As soon as the materials have the discharging temperature, the resulting heat flux is only due to the release of energy by the crystallizing PCM. In this phase of the discharging process, the heat flux stabilizes and a nearly-constant plateau is established.
At the end of the discharging process, the PCM container no longer covers the whole heat exchanger which results in a further drop of the heat flux. This state, however, can be prolonged arbitrarily according to specific needs by enlarging the PCM container with the integrated PCM or increasing the storage system's capacity, respectively.
By varying the forward velocity, the resulting heat flux can be controlled, see 
Correlation of forward velocity and heat flux
Two parameters were found by the simulation results to be crucial for describing the correlation of and ̇. These two parameters are material properties of the PCM, namely its density and its heat of fusion [9] . Using the Buckingham`s Pi Theorem [30] , a dimensionless number is developed to describe the relation between and ̇. It can be found as [31] :
describes the ratio between the heat flux that enters the system from the heat of fusion of the PCM (numerator) and the total heat flux entering or leaving the system through the heat exchanger pipe (denominator). If an absolute value for is known, the forward velocity specific resulting heat flux ̇ can be determined immediately by rearranging equation (1): Unfortunately, a corresponding pair of and ̇ has to be known, e.g. from simulation, in order to calculate the module specific value of . Expanding equation (1) by the cross-sectional area of the PCM and the inner heat exchanger pipe surface , see Fig. 4 , an explicit formula to calculate an absolute value for without knowing the forward velocity can be given following [9] , [31] :
Additional to the previously mentioned parameters, equation (3) contains the specific heat capacities of the storage and container material , and the temperature difference Δ between the temperature of the HTF and the melting temperature of the PCM. With equation (3), can be calculated directly with only knowing the general geometry details, material properties and the design temperature difference. No simulations have to be done to find the module specific value for .
The correlation between and ̇ can be visualized by defining a characteristic curve. Within this characteristic curve, the level of constant heat flux as a function of the forward velocity of a specific module configuration is given. As an example, see Fig. 7 . Here, the simulation results consisting of the averaged quasi-stationary levels of heat flux and the corresponding forward velocities for the reference PCMflux module configuration are shown. The position of the quasi-stationary phase change interface on the heat exchanger corresponds to the forward velocity and to the resulting heat flux. The slower the PCM is moved, the closer this position is located at the entrance of the heat exchanger. If it is moved faster, this quasi-stationary phase change interface can be found closer to the end of the heat exchanger, see Fig. 9 . If it is moved at the module specific nominal velocity , the quasi-stationary phase change interface is located exactly at the end of the fin, see Fig. 9 (a) .
In order to control the heat flux of the storage system, the forward velocity can be reduced from this state ( < ). This results in the establishment of a quasi-stationary phase change interface before the end of the fin, see Fig. 9 (b) . Here, not the whole area of the heat exchanger is used for heat transfer.
This results in a lower but still constant level of the heat flux. If the storage material is moved too fast ( > ), an incomplete phase change occurs, see Fig. 9 (c). In order to secure the utilization of the whole storage material, this situation must be avoided.
In [9] an iterative method to calculate the nominal point is described. This method allows the prediction of the nominal point regarding additional influence factors. These factors are the shape of the heat exchanger, the width of the fluid layer, the height of the PCM layer inside the container and all materials both latent and sensible such as steel, aluminum, the fluid and the PCM. With the instruments given so far, the PCMflux concept can be designed and operated. 
End of fin
Experimental Analysis
Within this section, the experimental setup to proof the PCMflux concept is described. Moreover, the methodology to validate the theory outlined in the last section is given. The last part of this section shows the corresponding experimental results and the experimental feasibility of the PCMflux concept.
Experimental setup
The experimental setup's schematic overview is shown in Fig. 10 . Compared to the described basic concept, the PCM is not filled into one single container. The PCM is separated into several small containers. The containers are connected by wires. The wires are used to pull the containers by a transport mechanism into the requested direction in order to move the PCM.
Using smaller containers rather than one big container has an advantage: The smaller containers are not as stiff as one large container. Hence, the containers can sink into the heat exchanger while entering the heat transfer area and rise in order to leave it, see Fig. 10 . This allows the heat exchanger to be bowlshaped. With such a heat exchanger, the contacting fluid layer does not have to cover the whole setup, but only the area of the heat exchanger. This way less fluid is needed to improve heat transfer between PCM containers and heat exchanger. An image and a sketch of the heat exchanger flanged to the heat exchanger pipe can be seen in Fig. 11 (a) + (b). The bowl-shape is approximated by a ramp system. The PCM containers entering the system slide down into the heat exchanger and are moved up at the other end. As soon as the PCM containers leave the ramp system downwards, they are in full contact with the heat exchanger. As they reach the ramp system on the other end of the heat exchanger, this full contact ends with starting to lift the containers. That is why the distance in between the ramp systems of the heat exchanger is called the "active length" of the heat exchanger, see Fig. 11 (b) . For further examinations it is assumed that all heat is transferred within this active length and the area of the ramps is inactive for heat transfer.
A thermal oil supplier unit is connected to the heat exchanger pipe. With this thermal oil as HTF, the temperature of the heat exchanger is controlled, see Fig. 12 . While the PCM containers are on the heat exchanger, the PCM changes phase. No heat is transferred while they are on the directing system, see The experimental setup is insulated in order to minimize heat losses. Additionally, two heating circuits are integrated into the insulation. These are controlled by two thermocouples at the outer ends of the which is set at the PCM's melting temperature.
The position of the phase change interface of the PCM inside the containers is observed via thermography. Thereby, the infrared camera is mounted over the experimental setup, see. Fig. 10 and Fig. 12 . In order to enable the infrared rays to pass the cover insulation, a ZnSe crystal is integrated into it, see Fig. 12 (a) . This window withstands temperatures in the considered range and is permeable for both optical and infrared rays. The resulting measurement area is shown in Fig. 10 and Fig. 12 . It consists of the inner part of the PCM containers to reduce the influence of boundary effects and covers the whole length of the heat exchanger. As a consequence, the whole phase change process of the PCM inside the containers can be observed simultaneously. 
Methodology of the experiments
The experimental proof-of-concept has two main aims: The first one is the demonstration of the feasibility of the PCMflux concept. This aim is reached if the existence of a quasi-stationary phase change interface while moving the PCM can be demonstrated. The second aim is to experimentally validate the underlying theory given in section 3. Since the discharging of latent heat storage systems is the limiting factor, see section 1, the experiments focus on the discharging process.
At the beginning of each experiment, the HTF temperature is set to the discharging temperature. Three different discharging temperatures of Δ = 6.2 , 11.2 and 16.2 between HTF temperature and melting temperature of the PCM are experimentally examined. After the HTF temperature has reached its constant set-value, the movement of the PCM containers is started.
The experiments end as soon as the PCM containers reach the end of the direction system on the other side of the heat exchanger. To secure same starting conditions for all experiments, the HTF temperature is then set to the corresponding temperature values +ΔT above the melting temperature of the PCM.
Afterwards, the containers are moved back to their original position. While their return, the PCM melts completely and a new discharging process starts.
In order to secure constant boundary conditions along the HTF flow through the heat exchanger pipe, a high volume flow of the HTF is realized. This leads to similar boundary conditions along the experimental setup. However, in this case the HTF does not significantly change temperature and the heat flux transferred into the HTF cannot be measured with sufficient accuracy. That is why the establishment of a quasi-stationary state is observed via thermography, rather than by measuring the heat flux. As soon as the position of the quasi-stationary phase change interface is locally-fixed, a constant heat flux is reached. During the experiments, the camera takes an image of the measuring area every 15 s. The sequence of these images can then be used to evaluate the specific position of the phase change interface. The detection of the phase change interface makes use of a physical circumstance: While changing phase, the emission coefficient of the PCM changes. With the crystallizing PCM, the emission coefficient increases. After a complete phase change, the sensible cooling of the PCM is fast since no heat is released by further crystallization processes in these regions. This leads to comparably high detected signal differences between the solid and the liquid PCM on a small scale.
In addition to the three examined temperature differences, two different heights of the PCM inside the containers = 5 and 10 are investigated experimentally, see Fig. 4 . In a first step, the maximum forward velocities of each combination of examined parameters are predetermined via the underlying theory given in section 3. These are then validated by the experiments with the corresponding boundary conditions. Moving the PCM containers with , the position of the quasi-stationary phase change interface is expected to be established at the end of the active region of the heat exchanger, right before the containers are moved up by the ramp system, see Fig. 9 (a) and Fig. 11 .
To check the results for consistency, not only the nominal forward velocities are examined. Within additional experiments, the calculated is reduced to 70% and raised to 130% . All other conditions stay the same. In the case of 70% , the location of the quasi-stationary phase change interface is expected to be located before the end of the active region of the heat exchanger. Contrarily, in the case of 130% , the PCM should not have enough time to change phase. This is expected to result in an incomplete phase change. For the visualization of these different states see Fig. 9 . Fig. 13 -Fig. 15 show infrared images of the quasi-stationary states of all experiments conducted according to Tab. 3. The location of the corresponding measuring area is shown in Fig. 10 and Fig. 12 . Fig.   13 gives the images for the experiments with 100% , Fig. 14 for the experiments with 70% and Increasing the forward velocity to 130% , the PCM containers are moved too quickly and the PCM does not completely change phase, see Fig. 15 . After leaving the active region of the heat exchanger, the surface of the PCM appears to still be comparably smooth and does not show a significant temperature drop compared to the entrance of the PCM containers on the right.
Results
All results show the expected behavior of the PCM inside the containers. Primarily, a quasi-stationary state is established and a successful operation of the PCMflux system is demonstrated experimentally. 
Conclusions
Within this article, the PCMflux concept as an active latent heat storage system with separation of power and capacity was described and experimentally demonstrated. Most state-of-the-art latent heat storage systems show a significantly decreasing heat flux over time while discharging due to a growing and isolating layer of crystallized PCM sticking to the heat exchanger. The PCMflux concept overcomes this behavior by the mechanical separation of the storage material and the heat exchanger. For this purpose, the PCM is filled into containers. By moving them towards the heat exchanger, the crystallized PCM is transported from the heat exchanger and a growing layer of solidified PCM is avoided. To improve thermal contact between the components, a contacting fluid layer is introduced to the system. If the forward velocity of the PCM containers is chosen within a specific range, a quasi-stationary state with a complete phase change of the PCM is established and the phase change interface inside the PCM is locally-fixed, even though the containers are still moving. Therefore, a constant thermal power output is achieved. By adjusting the forward velocity, the level of the constant thermal power can be controlled.
The relation between forward velocity and resulting heat flux thereby is described by a dimensionless number called .
After providing the underlying theory of the PCMflux concept, an experimental setup as the proof-ofconcept of the PCMflux concept was described. The results of this setup proved the feasibility of the PCMflux concept by identifying the establishment of a quasi-stationary phase change interface at the predetermined positions. The agreement was demonstrated by a variation of temperature differences and different PCM layer thicknesses inside the PCM containers.
As a next step, the PCMflux concept is demonstrated in a scale of 10 within an enhanced experimental setup. Moreover, the main design parameters of the PCMflux concept will be optimized in order to reach high heat fluxes at lowest possible costs.
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